Summary -Steinernema yirgalemense, a new species based on morphological and molecular data, is described from Yirgalem, Ethiopia. This nematode belongs to the 'bicornutum-group' which includes nematodes with horn-like structures in the labial region of the infective juvenile. The new species can be recognised by the infective juvenile having a body length of 635 (578-693) µm, distance from anterior and to excretory pore of 51 (45-59) µm; tail length of 62 (57-67) µm and E% (EP/tail length × 100) of 83 (67-90). The lateral field pattern is variable from anterior to posterior; the formula for the arrangement of ridges from head to tail being: 2, 6, 8, 6, 2. The new species can be further recognised by male characters: spicule with large velum and tapering posteriorly to a point, the ratio SW (spicule length/cloacal body diameter) and GS (gubernaculum length/spicule length) and especially by the presence of 12 pairs of genital papillae plus a single midventral papilla. The 12 th pair, located at the edge of the cloacal aperture, is an important character. The presence of a low epiptygma is another diagnostic character of the new species. The new species is a sister taxon to S. abbasi and is characterised by the sequence length of the ITS regions (960 bp), ITS1 (270 bp), ITS2 (284 bp) and also by the pairwise distance of both ITS and D2/D3 regions between species of nematodes in the 'bicornutum-group'.
Entomopathogenic nematodes have been successfully used to control various economically important insects (Klein, 1990; Shapiro-Ilan et al., 2002) . With the successful use of these nematodes, and their safety for the environment and other fauna, many surveys for entomopathogenic nematodes have been conducted all over the world in order to collect other nematodes that may be effectively utilised to control economically important insect pests (Hominick, 2002) .
In a survey of entomopathogenic nematodes in Ethiopia, 18 (6.3%) of 288 samples collected were found to contain Steinernema sp., and two samples (0.6%) were found with Heterorhabditis bacteriophora Poinar, 1976 . The collected steinernematid, in having two horn-like structures on the labial region of the infective juvenile, is morphologically close to members of the 'bicornutum group' viz, S. abbasi Elawad, Ahmad & Reid, 1997; S. bi- For taxonomic studies, ten G. mellonella were exposed to 5000 infective juveniles in a Petri dish (100 × 15 mm) lined with two moistened filter papers. Petri dishes were kept at room temperature (25
• C). First-and secondgeneration adult nematodes were obtained by dissecting infected insects at 2-4 days and 5-7 days, respectively, after the insects had died.
LIGHT MICROSCOPY
Third-stage infective juveniles (IJ) were obtained during the first 2 days after emergence from insect cadavers as suggested by Nguyen and Smart (1995a) . For light microscope observations, 20 males and females and 25 infective juveniles were examined alive. In order to see morphological structures better, additional specimens from different stages were killed in warm water (40 • C), or fixed in triethanolamine formalin (TAF) as suggested by Courtney et al. (1955) or in lactophenol as reported by Franklin and Goodey (1949) . These nematodes were used when further observations were needed to confirm the morphology or variation of particular structures. Nematodes fixed in TAF were processed to glycerin by the Seinhorst (1959) method. Type specimens were mounted in glycerin. Coverglass supports were used in all cases to avoid flattening of the specimens.
SCANNING ELECTRON MICROSCOPY (SEM)
Adults of the first generation and IJ were fixed in 4% formalin buffered with 0.1 M sodium cacodylate at pH 7.2 for 24 h at 8
• C. They were post-fixed with 2% osmium tetroxide solution for 12 h at 25
• C, dehydrated in a graded ethanol series, critical point dried with liquid CO 2 , mounted on SEM stubs, and coated with gold (Nguyen & Smart, 1995b) . Spicules and gubernacula were prepared as suggested by Nguyen and Smart (1990) .
CROSS HYBRIDISATION
Reproductive compatibility of S. riobrave Cabanillas, Poinar & Raulston, 1994 (strain Texas) , S. abbasi (strain Oman), and S. yirgalemense n. sp. (strain Ethiopia) was tested using the method of Nguyen and Duncan (2002) .
MOLECULAR CHARACTERISATION

Extraction of DNA
DNA was extracted from a single female using a DNeasy Tissue kit (QIAGEN Inc., Valencia, CA, USA).
Methods from the instruction handbook were followed in this study.
PCR amplification
The ITS regions of the ribosomal DNA was PCR amplified in a 50-µl reaction. All tubes were kept on ice and the following PCR mix was added to each tube: 5 µl of 10 × PCR buffer (160 mM (NH4) 2 SO 4 , 1 M Tris-HCl (pH 8.3), 1% Tween-20), 1 µl of dNTP mixture (500 mM KCl, 100 nM Tris HCl [pH 8.8], 1% NP-40 buffer), 1 µl of 10 pM forward primer, 1 µl of 10 pM reverse primer, 4 µl of MgCl 2 (50 mM), 0.25 µl of Taq polymerase (CLP, San Diego, CA, USA), 5 U/µl), 33 µl of distilled water, and 5 µl of template DNA. The primers used in this study were those reported by Vrain et al. (1992) for ITS regions: 18S, 5 -TTGATTACGTCCCTGCCCTTT-3 (forward) and 26S, 5 -TTTCACTCGCCGTTACTAAGG-3 . Two internal primers were synthesised for this study: BIC58, 5 -GATCACTTGGTTCGTAGATCG-3 and BI-CRV, 5 -GCTCAATAATGATCCTTCCGC-3 . Both primers were designed using the Prime program from the Genetic Computer Group (GCG) Package (Madison, WI, USA). For D2/D3 regions, the primers 502, 5 -CAAG-TACCGTGAGGGAAAGTTGC-3 and 536, 5 -CAGC-TATCCTGAGGAAAC-3 reported by Stock et al. (2001) were used. All PCR reactions were run in a PTC-200 Peltier Thermo Cycler (MJ Research, Inc., Waltham, MA, USA) with the cycling profile: 1 cycle of 94
• C for 7 min followed by 35 cycles of 94
• C for 60 s, 50
• C for 60 s, and 72
• C for 60 s. The last step was 72
• C for 10 min.
Sequencing
PCR products were purified with a QIAquick PCR purification kit (QIAGEN Inc.). Purified DNA was sequenced in both directions on automated sequencers as reported previously (Nguyen et al., 2001) . Sequencher TM , version 4.2 (Gene Code Corporation, Ann Arbor, MI, USA) was used for sequence editing and verifying basecalls.
Multiple alignments
Sequences of studied species were aligned using the default parameters of Clustal X (Thompson et al., 1997) , then optimised manually in MacClade 4.0 (Maddison & Maddison, 2002) .
PHYLOGENETIC RELATIONSHIPS
Sequences of the 28S ribosomal DNA (D2/D3 regions) and the internal transcribed spacer regions (ITS) of Steinernema species have been used by different authors (Nguyen et al., 2001; Stock et al., 2001; Nguyen & Duncan, 2002; Nguyen & Adams, 2003) in taxonomic and phylogenetic studies. In this paper, sequences of these two regions were used.
For D2/D3 regions, the following taxa were examined: S. abbasi (GenBank accession number AF331890), S. affine (Bovien, 1937) For ITS regions, the following taxa were examined:
Molecular phylogenetic relationships were obtained by maximum parsimony (MP) using PAUP, 4.0b8 (Swofford, 2002) . All data were assumed to be unordered, all characters were treated as equally weighted and gaps were treated as missing data. MP was performed with a heuristic search (simple stepwise addition, tree-bisectionrecombination branch swapping). For the phylogenetic analysis using only the ITS regions, Steinernema intermedium was treated as the outgroup taxon for resolving relationships among the rest of the Steinernema species (Nguyen et al., 2001) . For D2/D3 regions, Panagrellus redivivus was used as the outgroup taxon (Stock et al., 2001) . Branch support was estimated by bootstrap analysis (5000 replicates) using the same parameters as the original search. 
Steinernema yirgalemense
DESCRIPTION
First-generation male
Body curved ventrally posteriorly, C-shaped when heat-relaxed. Head rounded, usually slightly swollen; perioral disc not observed, six labial papillae, four larger cephalic papillae and two amphidial apertures. Stoma shallow, cheilorhabdions present as small, sclerotised, structures at anterior end, sometimes indistinct. Excretory pore anterior to nerve ring, slightly posterior to middle of pharynx. Pharynx with cylindrical procorpus, metacorpus absent or slightly swollen, isthmus present, nerve ring around isthmus, just anterior to distinct basal bulb. Pharyngo-intestinal valve present, usually weakly developed. Gonad monorchic, reflexed. Distance from base of pharynx to anterior end of testis variable. Spicules paired, brown in colour. Head (manubrium) of spicule elongate, length/width ratio ca 1.5 (1.4-1.7); shaft (calomus) present; blade (lamina) thick, variable in shape tapering gradually posteriorly to a point; velum prominent. Each spicule with two internal ribs. Gubernaculum boatshaped in lateral view, gubernaculum neck short. Cuneus present but not prominent. Copulatory papillae totalling 25 in number, comprising 12 pairs and a single midventral precloacal papilla. Of the 12 pairs of papillae, 11 arranged in normal position for Steinernema (i.e., six pairs preanal subventral, one pair adcloacal, one pair lateral, two pairs subterminal and one pair subdorsal), but 12th pair located close to edge of cloacal aperture. ** Tail conoid; tail terminus without mucron.
Second-generation male
Second-generation male similar to first-generation male but with smaller body, shorter and thinner spicule and gu-* The specific epithet is derived from Yirgalem, the locality where the nematode was found. ** As reported for S. scapterisci Nguyen & Smart, 1990 (Nguyen & Smart, 1992 and S. riobrave (Nguyen & Adams, 2003) . bernaculum, more anterior excretory pore, and narrower isthmus. Mucron on tail terminus rarely seen.
First-generation female
Body cuticle smooth or with faint annules visible under SEM. Lateral fields and phasmids not observed. Head rounded, continuous with body; six labial papillae, four cephalic papillae. Lips indistinct. Amphidial apertures present. Stoma shallow, subtriangular anteriorly; triradiate internally. Cheilorhabdions well sclerotised but small. A smaller sclerotised structure situated posterior to cheilorhabdions (presumably the prorhabdions). Pharynx with procorpus cylindrical, muscular; metacorpus slightly swollen; isthmus distinct; basal bulb valvate. Nerve ring surrounding isthmus, just anterior to basal bulb. Pharyngo-intestinal valve present. Excretory pore located near middle of pharynx. Gonads amphidelphic, reflexed, often containing many eggs. Vulva in form of a transverse slit; usually protruding; low, thick epiptygma present in adult females. Vagina sclerotised, short. Body diameter anterior and posterior to vulva equal. Tail terminus rounded, ventral postanal swelling present but small, tail shorter than anal body diameter.
Second-generation female
Similar to first-generation female but smaller (length = 2385 µm, maximum diameter = 149 µm compared to 6512 µm and 264 µm for first-generation female). Tail, tapering gradually to tail terminus, longer than anal body diameter; terminal mucron present; ventral postanal swelling present. 
Infective juvenile
Body elongate. Sheath (second-stage cuticle) present immediately after harvesting, but many IJ losing sheath in storage. Ensheathed juvenile with six labial and four cephalic papillae. Labial region smooth, continuous. Two horn-like structures present on exsheathed juvenile; four prominent cephalic papillae. Amphidial apertures prominent, located immediately below horns. Cuticle marked with prominent transverse striations. Lateral field beginning anteriorly with one line, from third or fourth annule. Two additional lines appearing at annules 20-24 to form two ridges. Near excretory pore level, number of ridges in lateral fields increasing from two to six. Two submarginal ridges appearing more posteriorly, making a total of eight ridges, i.e., maximum number in lateral field. Portion with eight ridges forming greater part of lateral field. In posterior third of body, two submarginal ridges disappearing gradually, with only six ridges remaining in lateral field. Near phasmid, six ridges in lateral field reducing to two ridges. Lateral field formula: 2, 6, 8, 6, 2. Pharynx with thin corpus, basal bulb more or less elongate with visible valve. Tail attenuate, tapering gradually. Hyaline portion occupying ca 54 (47-61)% of tail length.
TYPE HOST AND LOCALITY
Natural host unknown. The isolate was collected by baiting in an area (altitude 1660 m, latitude 6
• 46.221 N, longitude 38
• 22.649 E) supporting banana and sugarcane in Yirgalem, Ethiopia.
TYPE MATERIAL
Holotype (male, first generation): isolated from haemocoel of Galleria mellonella and deposited in the United 11.8 ± 3.4 9 8 .7 ± 3 (9.1-13.6) (6-10.6) Stoma diam.
13 ± 3.6 1 2 9 .9 ± 3 (9.1-15.1) (7.5-10.6) Excretory pore (EP) 89 86 ± 9 100 ± 10 80 ± 9 9 8 7 5± 8. States Department of Agriculture Nematode Collection (USDANC), Beltsville, MD, USA. Allotype female (first generation): same data as holotype, deposited in the US-DANC, Beltsville, MD, USA. Paratypes: same data as holotype. Many males and females of the first generation and several third-stage infective juveniles in TAF deposited in USDANC Beltsville, MD, USA; two male and two female paratypes of the first generation, and ten paratype third-stage infective juveniles deposited in the Florida Collection of Nematodes, Florida Department of Agriculture and Consumer Services, Gainesville, FL, USA; one male and one female paratype of the first generation, and ten paratype infective juveniles deposited in the California Collection of Nematodes, University of California Davis Nematode Collection, Davis, CA, USA.
DIAGNOSIS AND RELATIONSHIPS
Steinernema yirgalemense n. sp. is characterised by the presence of horn-like structures in the labial region of the IJ and is placed in the 'bicornutum-group'. The new species can be recognised by the IJ body length of 635 (548-693) µm, EP = 51 (45-59) µm; tail length = 62 (57-67) µm and E% = 83 (67-98). The lateral field pattern is variable, the formula for the arrangement of ridges from head to tail being 2, 6, 8, 6, 2 (Fig. 5) . The new species can be further recognised by the spicule having a prominent velum and tapering to a pointed terminus (Fig. 2) ; gubernaculum with short neck; the male SW and GS ratios (Table 1) and especially by the presence of 12 pairs of genital papillae (compared to 11 in other species). The twelfth pair is positioned at the edge of the cloacal aperture (Fig. 2) .
The new species is characterised genetically by sequence lengths of ITS regions (960 bp), the length of the ITS1 (270 bp) and ITS2 (284 bp), by composition of its sequence (Table 2) and by numerous unique, derived nucleotide character states.
Steinernema yirgalemense n. sp. differs from all other species (except for the 'bicornutum-group') by the presence of horn-like structures in IJ labial region. In the 'bicornutum-group', the body length of the IJ (635 µm) is similar to that of S. riobrave (622 µm) but different from that of S. abbasi, S. bicornutum, S. ceratophorum, S. pakistanense and S. thermophilum (Table 4) . Tail length, c ratio, D% and E% of the IJ of the new species are also different and can be used to distinguish between nematode species in this group. The formula of the lateral field pattern (2, 6, 8, 6 , 2) is unique, and can be differentiated from the other two most similar species S. abbasi, (2, 6, 8, 7, 6, 2) and S. riobrave, (2, 7, 8, 6, 2) . Males can be differentiated from other steinernematids by the shape (Figs 1,  2) and length of spicules and gubernaculum (Nguyen & Smart, 1997) and D% = 58, and SW = 1.8 (Table 5 ).
The new species has 12 pairs of genital papillae with pair 12 located at the edge of the cloacal aperture. It is similar to S. riobrave (Nguyen & Adams, 2003) but differs from other members of 'bicornutum-group'. Females can be distinguished from other species by their small epiptygma (Fig. 4) . 
CROSS HYBRIDISATION TESTS
Males and females of S. yirgalemense n. sp. did not interbreed with S. abbasi or S. riobrave. In the control, males and females of each species mated and produced offspring.
MOLECULAR CHARACTERISATION
The sequence alignments of the ITS region of six species in the 'bicornutum-group' (S. abbasi, S. bicornutum, S. ceratophorum, S. pakistanense, S. riobrave and S. yirgalemense n. sp.) are presented in Figure 6 . The partial 18S (nucleotides 1-172 in the alignment), 5.8S gene sequence (475-636), and 28S portion (992-1069) show little variation among the six species. The ITS1 (17-474 in the alignment) and ITS2 (637-991) regions are much more variable and provide most of the base differences for species diagnosis (Adams et al., 1998; Nguyen et al., 2001) . Additionally, the alignment shows that S. yirgale- Table 2 , Fig. 6 ) and differs from its sister taxon S. abbasi at 183 base pairs (bp) of the ITS sequence (Table 3). The lengths of the amplified sequences (Table 2 ) and pairwise distances are also different among the six species (Table 3) . The lowest pairwise distances are between S. yirgalemense n. sp. and S. abbasi, 0.19614 from 183 bp differences; the highest values are between S. bicornutum and S. riobrave, 0.45455 from 420 bp difference. For D2/D3 sequences, the lowest pairwise distances are between S. bicornutum and S. ceratophorum, 0.04478, from 21 bp differences. The phylogenetic relationships among the 17 studied Steinernema species are presented in Figure 7 (tree length =3036, CI = 0.5471, RI = 0.3972) and Figure 8 (tree length = 982, CI = 0.6368, RI = 0.7747).
All species with horn-like structures on the labial region comprise a monophyletic group from analysis of both ITS and D2/D3 regions. Steinernema yirgalemense n. sp. appears as the sister taxon to S. abbasi and the clade S. abbasi + S. yirgalemense n. sp. is well supported by bootstrap analysis. Morphometric, morphological and DNA analyses show that S. yirgalemense n. sp. appears to be evolving independently from its sister taxon S. abbasi.
